The purpose of this study was to examine whether retrograded tapioca starch (RS3-tapioca) prevents ovarian hormone deficiency-induced hypercholesterolemia. Sixmonth-old Wistar female rats were subjected to sham-operation or ovariectomy, and fed a cholesterol-free purified diet with or without RS3-tapioca (150 g/kg diet) instead of digestible cornstarch for 28 d. Body weight gain and food intake increased in ovariectomized rats (OVX-rats). Plasma total cholesterol concentration was lowered by RS3-tapioca in OVX rats, but not in sham-operated rats. Liver lipids increased in OVX-rats, but liver cholesterol concentration was not affected by ovariectomy and RS3-tapioca. CYP7A1 activity, small intestinal and cecal bile acid content, and fecal bile acid excretion were increased by RS3-tapioca. The ratio of cholic acid groups to chenodeoxycholic acid groups in the bile acid of the small intestine was increased by RS3-tapioca. Thus, the preventive effect of RS3-tapioca on the ovarian hormone deficiency-associated increase in plasma cholesterol concentration appears to be mediated by accelerated fecal excretion of bile acid and an increase in the intestinal pool of bile acid. Key Words retrograded tapioca starch (RS3-tapioca), ovariectomized rats, plasma cholesterol Resistant starch (RS) is, by definition, the sum of starch and the products of starch degradation not absorbed in the small intestine of healthy individuals ( 1 ). RS is now organized into four categories: physically inaccessible starch (RS1), resistant granules and high amylose starches (RS2), retrograded starches (RS3) and chemically modified starches (RS4) ( 2 ). RS appears to have various physiological effects, such as a decrease in postprandial glycemic and insulinemic responses, reduction of plasma cholesterol and triglyceride concentrations, an improvement in whole body insulin sensitivity, an increase in satiety, and a reduction in fat storage ( 3 ).
Resistant starch (RS) is, by definition, the sum of starch and the products of starch degradation not absorbed in the small intestine of healthy individuals ( 1 ) . RS is now organized into four categories: physically inaccessible starch (RS1), resistant granules and high amylose starches (RS2), retrograded starches (RS3) and chemically modified starches (RS4) ( 2 ) . RS appears to have various physiological effects, such as a decrease in postprandial glycemic and insulinemic responses, reduction of plasma cholesterol and triglyceride concentrations, an improvement in whole body insulin sensitivity, an increase in satiety, and a reduction in fat storage ( 3 ) .
Menopause, whether natural or surgically induced, is associated with elevated concentrations of circulating total cholesterol and low-density lipoprotein-cholesterol, Placing postmenopausal women at greater risk of coronary heart disease (CHD) ( 4 -7 ). Estrogen replacement therapy (ERT) in postmenopausal women reduces the risk of CHD, in part, by modulating plasma cholesterol; however ERT and cholesterol-lowering pharmacological agents may have side effects.
Starch consists of a mixture of two polymers, amylose and amylopectin. Different starches have different relative ratios of amylose and amylopectin. The properties of a starch are highly influenced by the structure of its components. The different properties depend on the crystalline ultra-structure, which differs according to the origin of the starch. X-ray diffraction has been used to characterize the crystalline/amorphous nature of starches. The X-ray diffraction pattern of tapioca starch is C type, while that of corn, potato and rice starch is A, B and A type, respectively. The physical and chemical properties of RS3-tapioca may differ from those of RS3-corn, RS3-potato and RS3-rice, and may have different physiological effects.
Retrograded corn, potato and rice starches (RS3-corn, RS3-potato and RS3-rice) lowered serum cholesterol concentrations in rats and hamsters ( 8 -12 ) ; however the effect of retrograded tapioca starch (RS3-tapioca) has not been examined. We examined the effect of RS3-tapioca on plasma cholesterol concentration in sham-operated and ovariectomized rats. We used a cholesterol-free diet to eliminate the possibility of related diet effects on cholesterol metabolism in rats.
MATERIALS AND METHODS
Test materials. Commercial sources of RS3-tapioca (ActiStar ® , Cerestar Japan, Tokyo, Japan) and pre-gelatinized cornstarch (CS; Alstar ® , Nippon Shokuhin Kako, Tokyo, Japan) were used as test materials. The RS content of the RS3-tapioca was 54%, by the manufacturer's measurement (Cerestar, Belgium). The amylose content of the CS was 27%, by the manufacturer's measurement (Nippon Shokuhin Kako).
Animals and diets. This study was approved by the Laboratory Animal Care Committee of Ehime University. Rats were maintained in accordance with the Guidelines for the Care and Use of Laboratory Animals of Ehime University.
Six-month-old, retired, breeder Wistar female rats (Japan SLC Inc., Shizuoka, Japan) were used in this study. The rats were housed in individual cages with screen bottoms of stainless steel in a room maintained at 23 Ϯ 1˚C with a 12-h light/12-h dark cycle (light, 0700-1900 h). They were acclimatized by feeding a commercial solid diet (Roden Lab Diet EQ, PMI, USA) for 7 d, after which, they were divided into two groups containing 12 rats. A bilateral ovariectomy was performed on the first group of rats and a sham operation was performed on the second group. Operations were performed under anesthesia by intraperitoneal injection of sodium pentobarbital (Nembutal, 30 mg/kg body weight; Abbott, North Chicago, IL, USA). The rats were fed a commercial solid diet during the 7-d recovery period. After recovery, the OVX-rats and sham-operated rats were divided into two dietary groups (6 rats per group) and were fed the following two diets for 28 d: the CS diet or the RS3-tapioca diet ( Table 1 ). The rats used in this study have completed the rapid growth phase. Therefore, the diets based on AIN-93M for adult maintenance were used in this study. The rats were given free access to food and water over 28 d. Food intake was recorded daily and body weight was measured weekly.
Sampling and analytical procedures. Feces were collected for the final 3 d of the experimental period, freeze-dried, weighed and milled. On the last day of the experimental period, a blood sample was collected from the jugular vein at midnight (2300-0100 h) using a light ether anesthesia on the rats. The blood was collected into a tube (Vacutainer, Becton Dickinson, Franklin Lakes, NJ) containing heparin as an anticoagulant. Plasma was separated by centrifugation at 1,400 ϫ g at 4˚C for 15 min, and stored at Ϫ 50˚C until analysis. After blood collection, the liver was immediately perfused with cold saline (9 g NaCl/L), removed, washed with cold saline, blotted dry on filter paper, weighed, and stored at Ϫ 50˚C until analysis. The contents of the small intestine and cecum were then transferred into a pre-weighed tube, freeze-dried and weighed. The cecal tissue was flushed with ice-cold saline (9 g/L NaCl, 4˚C), blotted on filter paper and weighed.
Chemical analysis . ( 14 ) . Cholesterol concentration in lipoprotein fractions was enzymatically determined using a commercial kit (Cholesterol E Test Wako, Wako Pure Chemical Industries, Ltd.). The concentration of apolipoproteins (apoA-I, B and E) was estimated by a rocket electroimmunoassay ( 15 ) .
Liver lipids were extracted with chloroform : methanol (2 : 1, v/v) according to the method of Folch. The level of liver total lipids was determined gravimetrically after extraction. The concentrations of liver triglyceride, total and free cholesterol were enzymatically determined using commercial kits (Triglyceride E-Test Wako, Cholesterol E Test Wako and F cholesterol E-Test Wako) as described elsewhere ( 16 ) . The level of esterified cholesterol was defined as the difference between total cholesterol and free cholesterol.
Steroids in the cecal contents and feces were extracted with a mixture of chloroform : methanol (1 : 1, v/v) at 70˚C for 60 h ( 17 ) . The level of total bile acid in the samples was determined enzymatically using the 3 ␣ -hydroxysteroid dehydrogenase assay method of Sheltaway and Losowsky ( 18 ) using taurocholic acid as the standard. The analysis of neutral sterols, cholesterol, epioprostanol and coprostanol in the cecal contents and feces were determined using gas-liquid chromatography (Model HP5890A, Hewlett Packard, Palo Alto, CA, USA) equipped with a flame-ionization detec- 1 PC200 (Danisco Japan, Ltd., Tokyo, Japan). 2 Based on AIN-93M ( 13 ). 3 The AIN-93 vitamin mixture used in this study contained 20 g of choline bitartrate/100 g.
tor and a capillary column coated with DB-1 (J&W Scientific, Folsom, CA, USA) (30 m ϫ 0.53 mm, i.d.) ( 19 ) . The oven temperature was 260˚C and the flow rate of helium carrier gas was 16.9 mL/min. 5 ␣ -Cholestane (Nacalai Tesque Inc., Kyoto, Japan) was used as the initial standard for neutral sterol analysis. The analysis of bile acids in the small intestinal contents was determined using gas-liquid chromatography (Model HP5890A, Hewlett Packard) equipped with a flameionization detector and a capillary column coated with DB-210 (J&W Scientific) (30 m ϫ 0.25 mm, i.d.). The oven temperature was programmed to increase from 60-235˚C at rate of 10˚C/min and the flow rate of helium carrier gas was 1.5 mL/min. Nordeoxycholic acid (Steraloid Inc., Wilton, NH, USA) was used as the initial standard for bile acid analysis. Standard bile acids, cholic acid, deoxycholic acid, 12-oxo-chenodeoxycholic acid, 12-oxo-lithocholic acid, chenodeoxycholic acid, ␣ -muricholic acid, ␤ -muricholic acid, lithocholic acid, hyodeoxycholic acid and ursodeoxycholic acid were purchased from Steraloids Inc.
RNA extraction from liver and RT-PCR analysis of gene expression.
Total RNA was isolated from livers according to the method described by Chomczynski and Sacchi ( 20 ) . RNA was dissolved in 50 L of Milli-Q water and the quantity of RNA was determined by measuring the absorbance at 260 nm, where purity was assessed by the A 260 / A 280 ratio ( 21 ) . One-hundred and fifty micrograms total RNA was diluted in 150 L DEPCtreated water, and 150 L of a 20 m M Tris buffer, pH 7.5, containing 2 m M EDTA and 0.2% SDS, and 15 L of Oligotex-dT30 (Takara Bio Inc., Shiga, Japan). The mixture was incubated for 3 min at 70˚C, and 10 min at room temperature before centrifugation at 20,000 ϫ g for 30 s at room temperature. The resulting precipitate was washed twice with 350 L of a 10 m M Tris buffer, pH 7.5, containing 1 m M EDTA, 0.1% SDS and 0.1 M NaCl. mRNA was eluted 3 times using DEPCtreated water heated to 70˚C so that the volume of eluent was 50 L. The washes and elution were performed using a spin-column set (Centricon UFC30HV00, pore size 0.45 m, Nippon Millipore, Tokyo, Japan) at 20,000 ϫ g centrifugation for 30 s at room temperature. mRNA was stored at Ϫ 80˚C until cDNA synthesis.
The primers used for hydroxymethylglutaryl-CoA (HMG-CoA) reductase were 5 ¢ -GCGTGCAAAGACAATC-CTGGA/5 ¢ -GTTAGACCTTGAGAACCCAATG, for LDLR Reactions were transferred to glass capillaries in the LightCycler instrument according to the manufacturer's instructions. Fluorescent detection of SYBR-Green I was performed using an excitation wavelength of 470 nm and an emission wavelength of 530 nm. After 10 min activation of polymerase at 95˚C, the PCR proceeded as follows: denaturation 10 s at 95˚C; annealing 10 s at 66˚C; extension for 5 s/100 bases of product at 72˚C. After amplification, the melting curve consisted of one cycle at 95˚C for 5 s, 45˚C for 10 s, before the temperature was increased to 90˚C at a slope of 0.1˚C/s. The purity of the PCR products was based on the peak sharpness and simplicity of derivative melting curves [ Ϫ d(Fluorescence)/dT vs. Temperature]. Agarose gel electrophoresis was performed to measure product size and to confirm primer dimers or polymers were not formed. All primers gave a sharp, single melting curve peak at 5 m M Mg concentration. PCR products corresponding to predicted molecular weights were extracted from the agarose using centrifuge-membrane filtration (Freeze'N Squeeze spin column, Nihon Bio-Rad Laboratories, Tokyo, Japan). The PCR products were serially diluted, analyzed by real-time monitoring PCR using optimized conditions described above, and the real-time PCR efficiency was calculated from given slopes in the LightCycler. The corresponding real-time PCR efficiency ( E ) of one cycle in the exponential phase was calculated according to Eq. (1).
E ϭ 10
(1) Hepatic cDNA samples were analyzed by real-time monitoring PCR using the optimized conditions and linearity range described above. Relative gene expression was calculated using Eq. (2) ( 22 ), using the crossing point (CP) of each target gene and GAPDH as the reference gene, and the corresponding real-time PCR efficiency ( E target and E ref ).
Relative gene expression
(2) Statistical analysis. Data were expressed as mean Ϯ SE. The statistical significance of a difference among groups was evaluated by two-way ANOVA, using a computer software package (StatView Version 4.5, Abacus Concept Inc., Berkeley, CA). Differences were considered to be significant at p Ͻ 0.05.
RESULTS
Body weight gain and food intake were significantly increased by ovariectomy (Table 2) . Total plasma cholesterol concentration was significantly lowered by the ingestion of the RS3-tapioca diet. Plasma VLDL-and HDL-cholesterol concentrations were significantly increased by ovariectomy, while they were lowered by the ingestion of RS3-tapioca. Plasma LDL-cholesterol concentration was significantly lowered by ovariectomy or the diet. Plasma triglyceride concentration was not affected by ovariectomy or the diet. Liver weights and the concentrations of liver total lipids and triglyceride were significantly increased by ovariectomy. Liver total, CYP7A1 activity was significantly increased by the ingestion of RS3-tapioca diet. (Table 3 ). The dry weight of the contents of the small intestine and its bile acid content were significantly increased by the ingestion of RS3-tapioca diet. However, the cholesterol content of the small intestine was not affected by ovariectomy or the diet. The ratio of cholic acid group/chenodeoxycholic acid group (CA/CDCA) was significantly increased by the ingestion of RS3-tapioca diet, while it was significantly lowered by ovariectomy.
The mRNA level of LDL-receptor was significantly increased by ovariectomy, while it was significantly lowered by the ingestion of the RS3-tapioca diet ( Table 4) . The mRNA level of HMG-CoA reductase were significantly lowered by the ingestion of RS3-tapioca diet. The mRNA level of ACAT2 was significantly increased by ovariectomy; however the mRNA levels of ApoB and ACAT1 were not affected by ovariectomy or the diet.
Cecal tissue weight was significantly increased by the ingestion of the RS3-tapioca diet ( Table 5 ). The dry weight of the contents of the cecum and its bile acid content were significantly increased by the ingestion of the RS3-tapioca diet. Cholesterol and coprostanol concentrations of the cecal contents were not affected by ovariectomy or the diet. Fecal dry weight and fecal excretion of bile acids were significantly increased by the ingestion of the RS-tapioca diet. Fecal excretions of cholesterol and coprostanol were not affected by ovariectomy or the diet.
DISCUSSION
Body weight gain was higher in OVX-rats compared with sham-operated rats, which is consistent with previously published studies (19, 23, 24) . Ovariectomy results in a decrease in basal metabolism and a concomitant increase in body weight, while estradiol replacement reverses these effects. Loss of estrogen produced by the ovary decreased the expression of leptin receptor in the hypothalamus, a satiety factor responsible for the regulation of appetite in rodents (25) . Increased food intake in OVX-rats may be due, in part, to the loss of appetite regulation in these animals, thereby resulting in the obese phenotype (26, 27) .
RS3-tapioca exerted no effect on total plasma cholesterol concentration in the sham-operated rats, which is consistent with the results in rats fed RS3-corn (11). However, some studies have shown a significant decrease in total plasma cholesterol concentration in rats and hamsters fed RS3-corn (8) (9) (10) . This discrepancy may be explained by the differences of type and dose of RS3, and the type of dietary fat added to the diet. Alternatively, in this study, RS-tapioca significantly lowered the total plasma cholesterol concentration in OVXrats, which is similar to results in streptozotocininduced diabetic rats fed RS3-corn or RS3-rice and in cholesterol-fed rats fed RS-corn; both showed hypocholesterolemic effects (11, 12) . Therefore, RS3 may only induce hypocholesterolemic effects under situations that raise the plasma cholesterol concentration, such as diabetes, cholesterol feeding and ovariectomy.
In the OVX-rats, total plasma cholesterol concentration was significantly lower after feeding the RS3-tapioca diet compared with the CS diet. The primary change in cholesterol metabolism in the OVX-rats may be due to its biosynthesis, degradation, excretion, absorption, distribution transport, or other mechanisms. This remains to be investigated. However, the hypocholesterolemic effect of RS3-tapioca in the OVX rats must involve changes in endogenous sterol metabolism because test diets were not supplemented with cholesterol. Whole body cholesterol homeostasis is controlled by supply and removal pathways and the liver is the main organ that regulates cholesterol homeostasis.
Cholesterol can be excreted as it is or after its conversion to bile acids. Estrogen has been reported to accelerate the conversion of hepatic cholesterol to bile acids (28, 29) . The rate-limiting enzyme for cholesterol conversion to bile acids is CYP7A1. Several studies have shown that estrogen up-regulates CYP7A1 activity (30, 31) thus, a lack of estrogen action in the liver may decrease CYP7A1 activity. In this study, CYP7A1 activity was not affected by ovariectomy; however the amount of bile acids in the contents of the small intestine and cecum, and fecal excretion of bile acids were significantly higher in rats fed the RS3-tapioca diet compared with rats fed the CS diet. Therefore, RS3-tapioca may decrease plasma cholesterol concentration by increasing its excretion as fecal bile acids, and increasing the amount of bile acid secretion. However, RS3-tapioca had a hypocholesterolemic effect in the OVXrats, but not in the sham-operated rats. At present, we cannot explain this discrepancy.
The ratio of CA/CDCA was significantly higher in rats fed the RS3-tapioca diet compared with rats fed the CS diet. Two pathways of bile acid synthesis have been identified in the model of hepatic bile acid synthesis in rats: classic (neutral) and alternative (acidic). In rats, the classic pathway is the only pathway in which cholesterol is utilized in CA synthesis (32) . The first and rate-limiting enzyme in the classic pathway is CYP7A1. Sterol 12␣-hydroxylase (CYP8B1) is also required for the synthesis of CA (32) . Unfortunately, we did not measure CYP8B1 activity in this study; however CYP7A1 activity is significantly higher in rats fed the RS3-tapioca diet compared with rats fed the CS diet. Therefore, the higher ratio of CA/CDCA in the bile acids of the small intestinal contents of rats fed the RS3-tapioca diet compared with rats fed the CS diet could be an enhanced production of CA. The ratio of CA/CDCA tended to be lower in the OVX-rats compared with the sham-operated rats, although there was no significant difference. Several studies have shown that estrogen upregulates CYP7A1 activity (33) (34) (35) (36) (37) ; however in this study, CYP7A1 activity was not affected by ovariectomy.
It has been shown that induction of hepatic LDL-R activity is the major mechanism responsible for the hypocholesterolemic effects of estrogen (38, 39) . In rats, estrogen induces expression of hepatic LDL-R (40) . In this study, however the level of LDL-R mRNA was significantly higher in the OVX-rats compared with the sham-operated rats. Plasma cholesterol concentration was significantly lower in the RS3-tapioca fed OVX-rats compared with the CS fed OVX-rats, but the level of LDL-R mRNA in the former group was lower compared with rats in the latter group, although there was no significant difference. It is unclear whether changes in mRNA levels underlie the regulation of LDL-R activity in the liver.
ACAT2 is mainly localized in the liver, which is the major cholesterol-esterifying enzyme in the liver and is responsible for supplying cholesterol ester for VLDL (41) . It is suggested that ACAT activity is regulated at the post-transcriptional level (42, 43) . However, the level of ACAT2 mRNA tended to correlate with esterified cholesterol in the liver (rϭ0.941, pϭ0.0590). ACAT2 provides core cholesterol ester of newly secreted VLDL and contributes to the cholesterol ester within plasma VLDL and LDL (44) . Estrogen enhances the synthesis and secretion of VLDL. In this study, VLDL-cholesterol concentration was significantly higher in OVXrats compared with sham-operated rats, but LDL-cho-lesterol concentration was significantly lower. Alternately, (VLDLϩLDL)-cholesterol concentration was significantly lower in rats fed the RS3-tapioca diet compared with rats fed the CS diet. ApoB is required for the assembly and secretion of VLDL in the liver. The level of apoB mRNA was not affected by diet and ovariectomy. However, the level of apoB mRNA tended to correlate with (VLDLϩLDL)-cholesterol concentration (rϭ0.949, pϭ0.0514). LDL is formed mainly by the catabolism of VLDL. Therefore, a decrease in VLDL secretion might have helped cause the hypocholesterolemic effect seen in rats fed RS3-tapioca.
The dry weight of the contents of the small intestine in rats fed the RS3-tapioca diet was significantly higher compared with rats fed the CS diet, which suggests RS3-tapioca resists digestion in the small intestine compared with CS. The amount of bile acid in the small intestine of rats fed the RS3-tapioca diet was significantly higher compared with rats fed the CS diet. The amount of bile acid in the small intestine depends on the bile acid flux from the liver to the small intestine and/or the bile acid reabsorption from the distal ileum. We did not measure bile acid flux or bile acid reabsorption; however CYP7A1 activity was significantly higher in rats fed the RS3-tapioca diet compared with rats fed the CS diet. Bile acid synthesis in the liver is regulated by the amount of bile acid returning to the liver through the portal vein (45) . There is significant correlation between CYP7A1 activity and the amount of bile acid in the contents of the small intestine (rϭ0.981, pϭ0.0185). Therefore, increased CYP7A1 activity and bile acid content in the small intestine of rats fed the RS3-tapioca diet compared with rats fed the CS diet would depend on increased bile acid synthesis caused by interruption of the enterohepatic circulation of bile acids. Since starch has been shown to bind bile acids in vitro (46) it is possible that RS3-tapioca binds bile acids in the small intestine.
In conclusion, RS3-tapioca increased the amount of bile acid in the contents of the small intestine and cecum, fecal bile acid excretion and CYP7A1 activity in OVX-rats and sham-operated rats. RS3-tapioca had a hypocholesterolemic effect in OVX-rats, but not in sham-operated rats.
